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Formation of the catalytic six-iron complex (H-cluster) of [FeFe]-hydrogenase (HydA) requires its
interaction with a speciﬁc maturation protein, HydF. Comparison by X-ray absorption spectroscopy
at the Fe K-edge of HydF from Clostridium acetobutylicum and HydA1 from Chlamydomonas
reinhardtii revealed that the overall structure of the iron site in both proteins is highly similar,
comprising a [4Fe4S] cluster (Fe–Fe distances of 2.7 Å) and a di-iron unit (Fe–Fe distance of
2.5 Å). Thus, a precursor of the whole H-cluster is assembled on HydF. Formation of the core struc-
tures of both the 4Fe and 2Fe units may require only the housekeeping [FeS] cluster assembly
machinery of the cell. Presumably, only the 2Fe cluster is transferred from HydF to HydA1, thereby
forming the active site.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Hydrogenases are metalloenzymes catalyzing the reversible
formation of molecular hydrogen (H2) from proton reduction [1].
[FeFe]-hydrogenases (HydA) contain a homometallic active site de-
noted as H-cluster and X-ray crystallography has revealed its
structure in two enzymes [2,3]. The H-cluster consists of a
[4Fe4S] cluster cysteine-linked to a 2Fe unit (2FeH). The iron atoms
of 2FeH are coordinated by a cyanide (CN) and a carbon monoxide
(CO) ligand each; a further CO ligand can bridge between the two
iron atoms under certain conditions. The two iron ions are capped
by a small molecule (of formula SCXCS). Recent electron paramag-
netic resonance spectroscopy (EPR) results favored X to be nitrogen
and hence the assignment of the cap as an azadithioloate (‘‘adt’’)
moiety [4].chemical Societies. Published by E
nance spectroscopy; EXAFS,
rier-transform infrared spec-
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Happe), michael.haumann@The [FeFe]-hydrogenase from the green alga Chlamydomonas
reinhardtii (HydA1) represents the ‘‘minimal unit’’ of an H2 produc-
ing enzyme, consisting of a single peptide chain (48 kD) housing
the H-cluster [5,6]. Biophysical analyses showed high structural
similarity of the HydA1 H-cluster compared to the X-ray structures
of the bacterial [FeFe]-hydrogenases [7–9]. The biosynthetic path-
way of the H-cluster is a complex process. The maturation machin-
ery for its assembly consists of three speciﬁc maturation enzymes.
These maturases, HydE, HydF, and HydG, are sufﬁcient to produce
active hydrogenase and conserved in all organisms containing
[FeFe]-hydrogenases [10,11]. Inactive hydrogenase can be acti-
vated even in Escherichia coli when co-expressed with HydE, HydF,
and HydG from various organisms [12,13]. All three maturases
must be synthesized in concert to activate HydA, but only HydF
is required for the last activation step [12,14]. These results have
lead to the proposal that a precursor of the H-cluster is assembled
on HydF, which then is transferred to HydA to form the active site
[14,15].
HydE and HydG both belong to the radical-S-adenosyl-methio-
nine family of proteins [16]. HydE was found to contain a [4Fe4S]
cluster ligated, e.g. by an S-adenosyl-methionine substrate mole-
cule [16] and possibly is involved in transferring the CN ligands
to the 2FeH unit [17]. An [FeS] cluster in HydG was shown in stud-
ies of Thermatoga maritima protein [16]. Subsequent biochemical
investigations assumed the involvement of HydG in adt ligandlsevier B.V. All rights reserved.
226 I. Czech et al. / FEBS Letters 585 (2011) 225–230insertion [18]. More recent studies showed that CN and CO are
synthesized when HydG cleaves tyrosine, so that the involvement
of HydG in ligand formation of the 2FeH unit now is more favorable
[19,20].
In contrast to the two other maturases, the conﬁguration of
HydF seems to be more complex. HydF shares sequence homology
with GTPases and contains a single [FeS] binding motif with three
conserved cysteine residues [21]. Guanosine-triphosphate (GTP)
hydrolysis activity of HydF may be associated with the biosynthe-
sis of the 2Fe subcluster [21,22]. Optical absorption spectra of HydF
synthesized in the presence of HydE and HydG proteins showed
additional features reminescent of a [2Fe2S] cluster [14]. EPR spec-
tra of active HydF revealed signals of a [4Fe4S] cluster besides of
additional features, which could stem from a 2Fe unit [15]. Vibra-
tional bands of CN and CO ligands have been observed by Fourier-
transform infrared spectroscopy (FTIR) in active HydF, similar to
those in the 2FeH unit of HydA1 [8,15,22]. Gel ﬁltration studies of
HydEFG synthesized in E. coli provided evidence for dimeric states
of the proteins [22]. However, the iron cluster coordination and the
reaction mechanism of HydF for hydrogenase activation need to be
clariﬁed.
In the present study, X-ray absorption spectroscopy (XAS) at the
Fe K-edge was employed to investigate the structure of the metal
center in puriﬁed HydF from Clostridium acetobutylicum and com-
pare it to the H-cluster in HydA1 from C. reinhardtii. We show that
active HydF contains an iron cluster with similar structural fea-
tures as the H-cluster of active HydA1 and favor an activation
mechanism in which the whole cluster is preassembled on HydF,
followed by the transfer of only the 2Fe subcluster to inactive


























Fig. 1. Iron K-edge spectra of HydA1 and HydF samples (red = anearobically
puriﬁed in the presence of the reductant NaDT, ox = partly oxidized after puriﬁca-
tion in the absence of NaDT, inact = inactive protein due to expression in E. coli in a
HydE(F)G-free background). The inset shows isolated pre-edge peak features of
reduced proteins. Spectra were vertically displaced for better comparison. Hori-
zontal dashed lines mark the unity levels of spectra.2. Materials and methods
2.1. Protein synthesis and sample preparation
C. reinhardtii hydrogenase HydA1 and C. acetobutylicum matur-
ase HydF were isolated as described before [9,15,23]. Recombinant
C. acetobutylicum ATCC 824 strains, containing the clostridial
expression vectors pThydA1cropt-C-tag or pThydFca, were anaero-
bically grown in a 2.5 l Minifors-bioreactor in CGM medium. Cul-
tures were grown to an optical density of 4.0 before cells were
harvested and frozen under anaerobic conditions. Inactive HydA1
and HydF proteins were synthesized in E. coli in a HydE(F)G lacking
background [15]. All puriﬁcation steps were performed under strict
anaerobiosis with O2-free buffers, containing 2 mM sodium dithio-
nite (NaDT). To mimic more oxidative conditions also anaerobic
puriﬁcations without NaDT were done. The puriﬁcation of the
proteins from thawed cultures was carried out according to
the Strep-Tactin Superﬂow column puriﬁcation protocol (IBA
GmbH, Goettingen, Germany) with minimal modiﬁcations [9,15].
Isolated protein was concentrated to 1 mM with 10% glycerol
and up to 20 mM NaDT, ﬁlled into Kapton-covered acrylic-glass
sample holders for XAS, and frozen in liquid nitrogen.
2.2. X-ray absorption spectroscopy (XAS)
XAS measurements were performed at beamline KMC-1 at
BESSY (Berlin, Germany). Ka ﬂuorescence-detected XAS spectra at
the Fe K-edge were collected with samples held in a liquid helium
cryostat (Oxford) at 20 K using an energy-resolving 13-element Ge
detector (Canberra). Fe spectra were recorded for a double-crystal
[Si(1 1 1)] monochromator scan range of 6950–8150 eV, i.e. up to
k-values of 16 Å1. XAS spectra were averaged (5–8 scans) after en-
ergy calibration of each scan using the ﬁrst inﬂection point at
7112 eV in the absorption spectrum of an Fe foil as a standard,normalized, and extended X-ray absorption ﬁne structure (EXAFS)
oscillations were extracted [24]. The energy scale of EXAFS spectra
was converted to a wavevector (k) scale using an E0 value of
7112 eV. E0 reﬁned to 7120 eV in the EXAFS simulations for an
S20 value of 0.9. Unﬁltered k
3-weighted spectra were used for
least-squares curve-ﬁtting and Fourier-transform (FT) calculation
with the in-house program SimX [24] based on multiple-scattering
phase-functions calculated with FEFF8.4 [25]. The absence of radi-
ation damage was veriﬁed by the identity of the K-edge spectra of
each scan (not shown).
3. Results
3.1. Protein samples
Hydrogenase and maturase proteins were anaerobically synthe-
sized in the presence of the three maturases HydE, HydF, and HydG
in C. acetobutylicum: (1) [FeFe]-hydrogenase HydA1 denoted
HydA1red from the green alga C. reinhardtii and (2) the maturase
HydF denoted HydFred from C. acetobutylicum, both puriﬁed under
reducing conditions in the presence of NaDT. To evaluate the behav-
ior under more oxidizing conditions, both proteins were puriﬁed
without the reductant NaDT. Respective samples were denoted
(3) HydA1ox and (4) HydFox. In addition, inactive proteins were syn-
thesized in HydE(F)G lacking backgrounds in E. coli, anaerobically
puriﬁed with NaDT, and denoted (5) HydA1inact and (6) HydFinact.
3.2. X-ray absorption near edge structure (XANES) analysis
The XANES region (K-edge) of XAS spectra is sensitive to the
metal oxidation state and to the number, chemical identity, and
geometry of the ﬁrst-sphere metal ligands (Fig. 1). The spectrum
of HydA1red was identical to a previous one [9], emphasizing the
high reproducibility of the HydA1 preparation. The shape of the
spectrum of HydFred was very similar to that of HydA1red (Fig. 1),
implying an overall similar ﬁrst-sphere coordination environment
of its Fe ions, including Fe–CO, –CN, and –S bonds. The pronounced
Table 1
Parameters for the joint simulation of EXAFS spectra of HydA1 and HydF. Ni,
coordination number; Ri, Fe-backscatterer distance; 2r2i , Debye–Waller parameter;
the RF value [28] was calculated for reduced distances of 1.3–3 Å.
Ni (per Fe) Ri (Å) 2r2i  103 (Å2) RF (%)
HydA1red
Fe–C(@O) 0.69 (0.57) 1.76a 2a 22.8c (23.3)c
Fe–C(@N)/O/N 0.33 (0.44) 1.94 (1.93) 15a (5b)
Fe–S 3.96 (3.98) 2.30 (2.29) 9b (10b)
Fe–Fe 0.36 (0.33) 2.53 (2.52) 2a
Fe–Fe 2.02 (1.81) 2.74 (2.73) 13a (11b)
Fe(–C)@O/Nms 0.69 2.90 5a
HydFred
Fe–C(@O) 0.17 (0.30) 1.76a 2a 22.8c (23.3)c
Fe–C(@N)/O/N 1.16 (0.74) 1.91 (1.89) 15a (5b)
Fe–S 3.77 (3.94) 2.29 (2.28) 9b (10b)
Fe–Fe 0.30 (0.28) 2.57 (2.57) 2a
Fe–Fe 2.43 (2.22) 2.74 (2.74) 13a (11b)
Fe(–C)@O/Nms 0.17 2.99 5a
HydA1ox
Fe–C(@O) 0.11 (0.58) 1.76a 2a 22.8c (23.3)c
Fe–C(@N)/O/N 1.39 (0.68) 2.29 (1.89) 15a (5b)
Fe–S 3.51 (3.72) 2.29 (2.29) 9b (10b)
Fe–Fe 0.75 (0.66) 2.54 (2.53) 2a
Fe–Fe 2.28 (1.72) 2.71 (2.71) 13a (11b)
Fe(–C)@O/Nms 0.11 3.09 5a
HydFox
Fe–C(@O) 0.01 (0.01) 1.76a 2a 22.8c (23.3)c
Fe–C(@N)/O/N 2.24 (1.94) 2.21 (2.21) 15a (5b)
Fe–S 2.73 (3.04) 2.29 (2.27) 9b (10b)
Fe–Fe 0.47 (0.56) 2.59 (2.58) 2a
Fe–Fe 1.30 (1.40) 2.76 (2.76) 13a (11b)
Fe(–C)@O/Nms 0.01 2.98 5a
HydAinact
Fe–C(@O) 0.02 (0.01) 1.76a 2a 22.8c (23.3)c
Fe–C(@N)/O/N 1.94 (1.79) 2.22 (2.19) 15a (5b)
Fe–S 3.04 (3.18) 2.27 (2.26) 9b (10b)
Fe–Fe 0.04 (0.13) 2.50 (2.51) 2a
Fe–Fe 2.17 (1.77) 2.74 (2.75) 13a (11b)
Fe(–C)@O/Nms 0.02 3.11 5a
HydFinact
Fe–C(@O) 0.14 (0.07) 1.76a 2a 22.8c (23.3)c
Fe–C(@N)/O/N 2.05 (1.56) 2.22 (2.23) 15a (5b)
Fe–S 2.80 (3.46) 2.28 (2.28) 9b (10b)
Fe–Fe 0.85 (0.81) 2.56 (2.56) 2a
Fe–Fe 2.13 (1.90) 2.74 (2.73) 13a (11b)
Fe(–C)@O/Nms 0.14 3.01 5a
a Parameters that were ﬁxed in the simulations.
b Parameters that were coupled to yield the same value for all spectra.
c RF-values for the joint ﬁt; the coordination number of multiple scattering (ms)
EXAFS contributions due to the almost linear Fe–C@O/N arrangement was set to the
value of NFe–C(@O); values in parentheses are for ﬁt approaches with slight parameter
variations.
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tronic transitions, gaining intensity mainly by 3d/4p orbital mixing,
and the shoulder in the edge rise (at 7120 eV) reﬂected the pres-
ence of tetrahedral- and ﬁve-coordinated Fe ions. The mean pre-
edge peak energy of 7112.2 eV (Fig. 1, inset) was compatible with
the dominance of Fe(II) [26]. That the pre-edge energy was 0.2 eV
higher for HydFred indicated that its iron atoms were slightly more
oxidized.
In protein samples puriﬁed under mildly oxidizing conditions,
signiﬁcant edge shape changes compared to the reduced proteins
were observed, but the spectra of HydFox and HydA1ox were again
rather similar (Fig. 1). The decreased amplitude of the pre-edge
feature and the higher primary edge maximum suggested larger
contributions from more symmetric (octahedral) iron ions and/or
more dominant Fe-O/N/C contributions to the spectra [9].
The spectrum of HydA1inact differed from the one of HydA1red in
showing an increased edge maximum and a shift of the pre-edge
feature by 1 eV to higher energies (Fig. 1), suggesting additional
Fe-O/N bonds and more Fe(III) in the sample. The spectrum of
HydFinactwasquite similar to that ofHydA1inact, indicating anoverall
similar ﬁrst-sphere coordination of the iron atoms. A slightly lower
edge energy pointed to overall more reduced iron in HydFinact.
3.3. EXAFS analysis
Simulations of EXAFS spectra allowed for the determination of
precise distances between the absorbing iron ions and the atoms
in their ﬁrst and second coordination spheres. The EXAFS spectra
were simulated either individually (Supporting information, Table
S1) or in a global analysis approach [27] (Table 1). The EXAFS oscil-
lations, corresponding Fourier-transforms (FTs), and respective
simulation curves are shown in Figs. 2 and 3.
Simulation of the EXAFS spectrum of HydA1red revealed similar
distances and coordination numbers of the Fe–C(@O/N)/S and Fe–
Fe interactions as previously found [9], well in agreement with
crystallographic structures of the bacterial H-cluster [2,3], and an
excellent ﬁt quality (error factor RF < 10%) [28]. In particular the
Fe–Fe distances of 2.7 Å attributable to the [4Fe4S] cubane clus-
ter and typical for normal [FeS] clusters [29] and the 2.5 Å dis-
tance attributed to the metal ion distance in the 2FeH unit were
discernable (Fig. 3).
The EXAFS spectrum of HydFred showed three FT peaks, mainly
due to Fe-C(@O/N) (I), Fe–S (II), and Fe–Fe (III) interactions, similar
to HydA1red (Fig. 2). A simulation of the HydFred spectrum using the
same coordination model as for HydA1red provided a comparable
high ﬁt quality. The similar ﬁt results with respect to the Fe–S
and 2.7 Å Fe–Fe distances for HydFred and HydA1red suggested
the presence of a [4Fe4S] cluster also in HydFred (Fig. 3). The main
differences in HydFred were an increased number of longer Fe–
C(@O/N)/O/N bonds at the expense of short Fe–C(@O) interactions
(Fig. 3) and a minor contribution of a longer Fe–Fe distance of
3.05 Å. Also in HydFred, both the 2.7 Å and the shorter Fe–Fe dis-
tance (2.59 Å) were detectable (Fig. 3), suggesting the presence of
three [FeS] species in these protein samples.
The spectra of mildly oxidized HydA1ox differed from that of
HydA1red (Fig. 2) in showing smaller contributions of the 2.7 Å
Fe–Fe distances. The simulations revealed N2.7 values below two,
additional Fe–O/N bonds, and long Fe–Fe interactions of >3.2 Å
(not shown) possibly due to Fe–O–Fe motifs. However, the shortest
Fe–Fe distance (2.5 Å) was even more prominent in HydA1ox than
in HydA1red (Tables S1C and 1). Thus, the 2FeH unit seemingly was
more persistent to oxidizing conditions than the cubane cluster, as
previously observed [9b]. A satisfactory simulation of the spectrum
of HydFox was achieved, including, besides of a2.7 Å distancewith
low coordination number, also Fe–Fe distances of 2.57–2.60 Å and
3.06 Å (Tables S1D and 1). Similar distances were observed inHydFred, but in HydFox the coordination number of the 3 Å Fe–Fe
distance was larger. Short Fe–C(@O) bonds (1.7–1.8 Å) were hardly
detectable in HydFox, but the number of Fe–O/N/C bonds around
2.1 Å was increased, suggesting that Fe–CO ligands were lost and
additional Fe–O bonds acquired (Fig. 3). FTIR data (not shown) cor-
roborated the loss of CO ligands in HydFox. These results suggested
that the third iron species in HydFred showing the 3 Å Fe–Fe dis-
tance and less CO ligands preferentially is formed under more oxi-
dizing conditions and a minor contaminant in the preparation.
The spectrum of HydA1inact revealed a diminished number of
Fe–S and 2.7 Å Fe–Fe interactions per Fe ion (Table 1); FT peaks
at distances >3 Å pointed to particularly long metal-metal interac-
tions. Fe–C(@O)/N bonds were absent as expected (Tables 1 and
S1E) and distances around 2.1 Å represented Fe–O/N bonds. In
addition, an Fe–Fe distance of 2.5 Å was hardly detectable
(Fig. 3), meaning that there was no evidence for a 2Fe unit. The
                                        
                                        
                                        
                                        
                                        
                                        
                                        
                                        
                                        
                                        
                                        
                                        
                                        
                                        






                                        
                                        
                                        
                                        
                                        
                                        
                                        
                                        
                                        
                                        
                                        
                                        
                                        
                                        
                                        






























Fig. 2. EXAFS analysis of HydA1 and HydF proteins. (A) Fourier-transforms (FTs) of the EXAFS oscillations in (B). Black lines, experimental data and colored lines, simulations
with parameters in Table 1. Spectra represent the average of data from two independently prepared samples each. FTs were calculated for k-values of 1.8–16 Å1 using cos2
windows extending over 10% at both k-range ends. Spectra were vertically displaced for comparison. FT peaks I, II, and III mainly reﬂect Fe–C(@O/N), Fe–S/O/N, and Fe–Fe
interactions.



































Fig. 3. Interatomic distances and coordination numbers from EXAFS simulations of
HydA1 and HydF proteins. Data points correspond to values in Tables 1 and S1
(squares, averages of parameters for different ﬁt approaches in Table S1A–F;
triangles, averages of ﬁt parameters in Table 1). Spheres mark approximate ranges
of the indicated Fe-backscatterer interactions.
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and/or incompletely assembled [nFe–nS–nO/N] clusters.
Remarkably, the spectrum of HydFinact revealed an FT feature
around 2.5 Å (Fig. 2). Its simulation (Tables 1 and S1F) yielded an
Fe–Fe distance of about 2.55 Å with a coordination number close
to unity. Fe–Fe distances of 2.75 Å also were detectable. As in
the case of HydA1red and HydFred, the short Fe–Fe distance may
be attributed to a 2Fe unit in HydFinact. More Fe–O/N/C distances
(1.9–2.2 Å) and fewer Fe–S bonds as in HydFred (Fig. 3) suggestedmodiﬁed and/or incompletely assembled [FeS] species also in
HydFinact. In agreement with FTIR data (not shown), Fe–C(@O)
bonds were not detectable (Table 1).
4. Discussion
4.1. Structure of the iron cluster in HydF
The results of this study alongside previous investigations [15]
suggest that the maturation protein HydF carries an iron center
with a similar overall structure as the six-iron H-cluster of
[FeFe]-hydrogenases. Functional HydF protein revealed 2.7 Å
Fe–Fe distances in similar amounts as found in this and previous
studies for the [4Fe4S] cluster in active HydA1 [9a,b]. The ﬁnding
of a 2.57 Å Fe–Fe distance which is only slightly longer than the
Fe–Fe distance of 2FeH in HydA1 [9a,b], the observation of CO
and CN ligands by XAS and FTIR [15,22], and a bridging CO in a
fraction of mildly oxidized protein [15] provide strong evidence
for a di-iron moiety in HydF with similar diatomic ligands as the
2FeH unit in HydA1 (Fig. 4).
The amino acid sequence of C. acetobutylicum HydF comprises a
motif of only three cysteine residues (C304, C353, C356), which
potentially should ligate a [4Fe4S] center. There are several histi-
dines, which could provide a fourth ligand. EPR measurements
on active C. acetobutylicum HydF have been interpreted as showing
histidine ligation to the cubane [15], but for iron reconstituted
T. maritima HydF, nitrogen ligation to the [4Fe4S] cluster was not
observed [21]. The XAS data of HydFred revealed additional longer
Fe–O/N/C interactions compared to HydA1, which could reﬂect
Fe–N(His) bonds. The metal center coordination in HydF may bear
similarities to [FeS] cluster binding in the assembly and transfer
protein IscU, the scaffold protein of the ‘‘housekeeping’’ [FeS]
cluster assembly machinery in the cell. Its [2Fe2S] cluster is coor-
dinated by three Cys and one His residues. In spite of the oligo-
























Fig. 4. Pathway for the assembly of the active H-cluster in [FeFe]-hydrogenases. A cluster with overall [4Fe4S]–2Fe structure and CO and CN ligands in HydF is likely on the
basis of the XAS and previous FTIR results [15]. It should be coordinated by the three conserved Cys; ligation by a further His (e.g. H352) is assumed. A Cys connecting the 4Fe
and 2Fe units is not implied by the EXAFS data, but a viable option in HydF. The order of ligands in both HydA1 and HydF is tentative, but plausible according to the amino
acid sequences. Inactive HydA1 presumably contains a [4Fe4S] cluster only [14,32]. Inactive HydF may contain both 4Fe and 2Fe precursors. The ﬁnal step of HydA1 activation
may involve the transfer of only the 2Fe unit from HydF.
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be bound similarly, a plausible option for the His ligand being
H352. Although there are hints for a dimeric structure of HydF
[22], we have no evidence for a certain oligomeric structure of
HydF and dimerization may not necessarily affect the [FeS] cluster
binding. Because there is only a single [FeS] cluster binding motif
in HydF, it is tempting to assume that the 2Fe unit is directly bound
to the [4Fe4S] cluster. Crystal structures of bacterial [FeFe]-hydrog-
enases showed that the 2FeH unit is linked by a bridging cysteine to
the [4Fe4S] cluster [3]. The available data suggests a connection
between both iron units also in HydF. This means that the overall
structure of the 6Fe cluster in HydF closely resembles the active
site H-cluster in the [FeFe]-hydrogenase (Fig. 4).
In active HydF obtained after puriﬁcation under mildly oxidiz-
ing conditions the XAS data suggested that a second form of the
2Fe unit became more prominent, with an elongated Fe–Fe dis-
tance of 3 Å. Furthermore, oxidized HydF showed almost no CO
ligands but retains CN ligands as also revealed by FTIR (data not
shown). The 3 Å distance of the modiﬁed 2Fe species could also
be detected in smaller quantities in active, reduced HydF. This spe-
cies thus presumably is not a maturation intermediate, but a modi-
ﬁed form of the 2Fe unit. Both HydA1 and HydF mildly oxidized
proteins showed loss of 2.7 Å Fe–Fe distances of the cubane
and the Fe–Fe distances attributed to the 2Fe unit became more
prominent relative to the 2.7 Å distances, as previously observed
[9a]. The cubane presumably in part was transformed to nFe–nS–
nO/N species due to oxidative modiﬁcation [31] in both proteins.
In spite of identical expression, puriﬁcation, and reducing treat-
ment procedures for both proteins, the degree of modiﬁcation ap-
peared to be higher in HydF. Different binding of the cluster to the
scaffold protein could be an important parameter for cluster trans-
fer between HydF and HydA.
Interestingly, inactive HydF protein, as synthesized in E. coli in
the absence of the HydE and HydG maturases, revealed XAS signa-
tures suggesting the presence of a 2Fe unit besides of nFe-nS-nO/N
species. To elucidate the chemical nature of this 2Fe species, i.e.
whether it is similar to a [2Fe2S] cluster, requires further investiga-
tions. However, because of only three Cys residues in HydF, there
should be additional (O/N) ligands to such a 2Fe cluster. In inactive
HydA1 there was no evidence for a 2Fe unit, but only for nFe–nS–
nO/N species. A possible interpretation of these results is that the
common [FeS] cluster assembly machinery of E. coli can generate
precursors of both the [4Fe4S] and 2Fe units. Such precursors
may be formed on HydF in a similar way in C. acetobutylicumbecause HydE and HydG likely are not involved in the assembly
of the core structures of the [FeS] clusters, but in the insertion of
the CO/CN and adt ligands. Accordingly, HydF may either receive
a preformed 2Fe unit (without CO/CN and adt ligands) from a so
far unidentiﬁed donor protein or this unit is readily assembled
on HydF.
4.2. The H-cluster transfer
In Fig. 4, we show a hypothetical scheme for the events in the H-
cluster transfer, involving the scaffold protein HydF and the inac-
tive hydrogenase, which is based on the results in the present work
and in previous investigations [15,32]. Maturation studies had
shown that a [4Fe4S] cluster can be formed on inactive HydA1,
relying on the housekeeping [FeS] cluster assembly systems of
the cell, or by in vitro reconstitution with iron ions [32]. The
2FeH unit of the H-cluster is assembled in addition to a cubane
cluster exclusively on HydF. Insertion of the CO and CN ligands
and a possible S-bridging species (adt) requires the interaction of
HydF with the maturases HydE and HydG [12,18,19,21]. These
reactions result in an iron cluster on HydF similar to the H-cluster.
We favor the idea that the ﬁnal maturation step involves the trans-
fer only of the 2Fe subcluster of HydF to the HydA1 protein that al-
ready carries the [4Fe4S] cluster [32]. Other options, involving the
transfer of larger iron units between both proteins at present are
not excluded, but we consider them as less likely. How the metal
center transfer occurs at the molecular level and what drives the
reaction remains unclear and will be investigated in future studies.Acknowledgments
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